To define the important cis-elements in hepatitis delta virus (HDV) RNA, the viral genome was mutated by a linkerscanning mutagenesis strategy that maintained the native rod-like structure of HDV RNA. Mutant HDV cDNAs or their corresponding RNA transcripts were transfected into a Huh-7-derived cell line which continuously expressed small hepatitis delta antigen to study the viral replication and transcription. Here we report the following findings. (i) Although most of the mutant RNAs could self-process to generate the 1.7-kb genomic RNA and all their stabilities were similar, positions which surround the genomic ribozyme domain were found to be important for the self-processing of the dimeric RNA. (ii) The replication of viral RNA was greatly diminished in many mutants, suggesting that multiple regions in HDV RNA were required for replication. (iii) In certain mutants, replication of the HDV antigenomic RNA was selectively abolished but that of the genomic RNA was not. Therefore, this was the first report to show that the cis-elements needed for the replication of genomic or antigenomic HDV RNA could be different. (iv) A continuous region (nt 1625 to nt 431), spanning the HDAg mRNA initiation site and containing the in vitro identified RNA promoter, was found to be important for mRNA production in vivo.
INTRODUCTION
cies has been detected in the cytoplasm of infected cells (Chen et al., 1986; Hsieh et al., 1990) . It is about 500 Hepatitis delta virus (HDV) is a human subviral pathotimes less abundant than full-length genomic RNA and gen that requires a helper virus, hepatitis B virus (HBV), functions as the mRNA for the only known HDV protein, to supply the envelope proteins for natural transmission hepatitis delta antigen (HDAg; Chen et al., 1986; Hsieh (Bonino et al., 1986; Rizzetto et al., 1980) . The HDV geet al., 1990) . The 5 end of this mRNA was mapped to nome comprises a single-stranded circular RNA moleposition 1631 ( Fig. 1 ) (Hsieh et al., 1990) . The RNA procule of 1.7 kb that folds into an unbranched rod-like strucmoter responsible for the synthesis of this mRNA has ture in which 70% of the nucleotides are paired (Chen et been investigated. Recently, by cDNA transfection experal., 1986; Kuo et al., 1988; Wang et al., 1986) . Replication iments, a putative promoter region has been identified of HDV RNA occurs in the nuclei of infected cells and is in HDV cDNA which can direct HDV RNA transcription proposed to proceed by a double rolling-circle mecha- (Macnaughton et al., 1993; Tai et al., 1993) . This putative nism (Chen et al., 1986; Lai et al., 1995; Lazinski and RNA promoter is located at the top of the rod structure, Taylor, 1995a) . Recently, several lines of evidence sugaround the site of HDAg mRNA initiation (Fig. 1) . In addigest that the host RNA polymerase II may be responsible tion, genomic RNA corresponding to this cDNA promoter for this RNA replication event (Macnaughton et al., 1991;  region was able to direct the synthesis of antigenomic Fu and Taylor, 1993; Bichko and Taylor, 1996) . However, RNA in a nuclear extract transcription reaction (Beard et the precise functional region(s) or structure(s) in HDV al., 1996) . On the other hand, a double-acting RNA pro-RNA directing the initiation and termination of RNA replimoter has been proposed to be the one responsible for cation has not yet been revealed. the synthesis of both HDAg mRNA and antigenomic viral In addition to the genomic and antigenomic full-length RNA (Hsieh and Taylor, 1991) . A more careful characterRNAs, a 0.8-kb, antigenomic, polyadenylated RNA speization of such an RNA promoter is still required. One major limitation in relating HDV structures or se-
FIG. 1.
The genomic location of the known important cis-elements of HDV RNA and the linker insertion sites. Sequences at the junction sites between the HDV genome and NotI linker are shown in boxes and underlined, respectively. ORF, the HDAg open reading frame; AG, the antigenomic ribozyme domain; G, the genomic ribozyme domain. Arrowhead indicates the initiation site of HDAg mRNA. The RNA promoter represents the in vitro identified HDV RNA transcriptional promoter (Beard et al., 1996) . The polyadenylation signal for the HDAg mRNA is represented by a filled circle.
some aspects of such genomic structure are vital for on RNA replication and transcription in tissue cultures.
Our results indicated that multiple cis-elements in HDV replication, and the maintenance of the unique native secondary structure is an essential prerequisite for the RNA were required for replication, and the top region of the RNA rod was crucial for mRNA production in vivo. replicability and survival of HDV (Lazinski and Taylor, 1995a; Lai, 1995) . Such a requirement makes it difficult to Our data also revealed that the cis-elements important for the replication of genomic or antigenomic HDV RNA interpret the results obtained from deletion mutagenesis experiments. In a previous study, deletions of HDV RNAs could be different, and the promoter required for the replication of HDV RNA genome was not completely identical would abolish their replication (Lazinski and Taylor, 1994) . In this study, we tried to circumvent this problem to that for HDV mRNA synthesis. Thus, these results contributed to our understanding of the important regions by using a linker-scanning mutagenesis strategy, an approach similar to that used to characterize the highly on HDV RNA involved in various stages of HDV life cycle. ordered packaging signal in duck HBV (Hirsch et al., 1991) and to evaluate the structure/function relationships MATERIALS AND METHODS of viroids (Wassenegger et al., 1994; Lakshman and TaPlasmids and construction of HDV linker-scanning vantzis, 1992) . Linker-scanning strategy is considered mutants better than others for the following reasons: first, linkerscanning mutations have little or no effect on the global
The HDV cDNA used in this study was derived from plasmid pSVLD 3 (Kuo et al., 1988) . Plasmid pCDm2G constructure of mutated RNA/protein when compared with large-range deletions/insertions (Chiang et al., 1994;  tains a tandem dimer of the full-length (XbaI-XbaI) HDV cDNA in which a 2-nt frameshift mutation in the HDAg Zhang et al., 1986; Georgiev and Birnstiel, 1985) . Deletion or insertion mutagenesis studies not only disturb the ORF was introduced to destroy the production of both large and small HDAgs; thus it requires functional small short-range (local) structure/sequence but also the longrange (global) ones, thus confounding assessment of the HDAg supplied in trans for RNA replication (Wang et al., 1994; Yeh et al., 1996) . effects of local mutations. Second, we did computer modeling at first by the MFOLD program (Zuker, 1989) to Linker-insertion mutagenesis was performed on plasmid pCDm1G which contains an XbaI-XbaI monomeric ensure that these inserted linkers (with palindromic sequences) only minimally influenced the overall structure HDV cDNA with a two-base deletion in the delta antigen ORF. For linker insertions, pCDm1G was first cleaved at of the HDV genome. These mutations were predicted either to result in a local stem-loop structure bulged out the unique restriction enzyme sites in the HDV genome, at about 100-to 200-bp intervals (indicated in Fig. 1 ). from the helix axis of the HDV rod-like native structure (the linker-insertion mutants) or to have no influence on After the end was blunted with the Klenow fragment, the vector was ligated with an 8-bp NotI linker (GCGGCCGC) the HDV native rod-like structure (the linker-substitution mutants).
to create a series of p1G insertion mutants. Ten different restriction enzymes were chosen and the final constructs In the following experiments, two series of 12 insertion mutants were constructed and examined for their effects were designated by the enzyme site used. They were p1Gm-ScaI, -AccIII, -EcoRI, -StuI, -SalI, -BstXI, -XbaI, corresponding region of pCDm1G. The resultant plasmid was designated p1Gm-NP1 and was cloned into a tan--BstBI, -NheI, and BglII, respectively (Fig. 1) . Two series of XbaI tandem dimers of such mutants were cloned dem dimer to generate the recombinant plasmids, p2Gm-NP1 and p2AGm-NP1 (Fig. 1) . under the control of the human CMV immediate-early promoter in two orientations. Plasmids that transcribed DNA sequencing was performed by an automatic sequencer (ABI 373A DNA Sequencer, Perkin-Elmer) to the genomic-strand HDV RNA were designated p2Gm series, while those that transcribed the antigenomicconfirm the sequences of the PCR products, the junction sequences, and the number of linkers introduced (Fig. strand RNA were designated p2AGm series. These plasmids contain the CMV promoter on one side of the HDV 1) in each mutant. cDNA and the T7 RNA polymerase promoter in the oppoCell culture and construction of small delta antigensite orientation on the other end, allowing in vitro tranexpressing cell line scription.
In order to introduce a NotI linker into the region in All cell lines were maintained in the Dulbecco's modi-HDV cDNA that lacks appropriate restriction sites, the fied Eagle medium (DMEM) supplemented with 10% fetal recombinant PCR strategy was used to prepare two other calf serum (GIBCO BRL) at 37Њ in a 5% CO 2 . To prepare pairs of constructs. First, plasmids p2Gm-NG1 and a cell line that stably expresses small HDAg, Huh-7 cells p2AGm-NG1 were generated by recombinant PCR to (Nakabayashi et al., 1982) were infected by a recombiconvert 8 nucleotides of HDV sequence (position 686-nant retrovirus expressing the small HDAg. 693) into a NotI restriction enzyme site (Fig. 1) . Two pairs
The retroviral vector, pS1, contains a bicistronic casof primers were synthesized with the sequences for HDV sette in which the transduced gene is inserted at the as follows: primer 1, 5-GAGAGGGGACGAGTGAGGCTfirst cistron and a neomycin-resistant (Neo r ) gene at the 3 (nt 456-475); primer NG1, 5-CCTTTCTTACCTGATGCsecond cistron, directed by an internal ribosomal entry GGCCGCTGGTCCCAGCCTCCTC (nt 671-709); primer sequences of swine vesicular disease virus (Chen et al., NG1-1, 5-GAGGAGGCTGGGACCAGCGGCCGCATCAG-1993) . For constructing the recombinant retroviral vector GTAAGAAAGG-3 (nt 709-671); and primer 2, 5-TTCTTTcontaining small HDAg (pS1sdAg), a BglII-SalI cDNA CCTCTTCGGGTCGG-3 (nt 913-894). Primers NG1 and fragment covering the small HDAg ORF was cloned into NG1-1 were complementary to each other and within the HpaI-SalI site at the first cistron of pS1. Recombinant the sequences nt 686-693 were mutated to a NotI site retroviruses were produced by transfecting the GP/AM-(underlined). For the first PCR, primer 1 was paired with 12 amphotropic packaging cell line with 20 mg of NG1-1 while primer 2 was paired with NG1; plasmid pS1sdAg. The transfected cells were selected with G418 pCDm1G was used as a DNA template. The PCR prod-(0.8 mg/ml), and resistant colonies were pooled to from ucts were eluted separately and used as templates for the virus-producing cells. Media were harvested 16 to the recombinant PCR with oligonucleotides 1 and 2 as 18 h after virus-producing cells grew to near confluence primers. This final PCR product was digested with BstBI and used to infect Huh-7 cells in the presence of Poly-(nt 530) and BstXI (nt 834) and then used to replace the brene (8 mg/ml). Selection with G418 (0.8 mg/ml) was corresponding region of plasmid pCDm1G, generating continued until colonies appeared. Such a stable cell the new substitution mutant, p1Gm-NG1. Plasmid p1Gm-line was referred to as the H7-SHDAg cells. NG1 was then cloned into tandem dimers, yielding two new constructs, p2Gm-NG1 and p2AGm-NG1 (Fig. 1) .
DNA and RNA transfection A similar strategy was used for the construction of two other constructs: p2Gm-NP1 and p2AGm-NP1. Two pairs Transfection of DNA was performed by the calcium phosphate precipitation method as described previously of synthetic oligonucleotides were used to synthesize DNA fragments from pCDm1G: primers 3 and NP1-1 and (Wang et al., 1994) . RNA transfections were performed with cationic liposomes in the presence of Opti-MEM primers 41 and NP1 (complementary to primer NP1-1). The sequences for these four primers in relation to HDV reduced serum medium (GIBCO BRL), following the procedures described by the manufacturer (Bethesda Resequences were as follows: primer 3, 5-TTCTTTC-TTCCGGCCACCC-3 (nt 1521-1538); primer NP1, search Laboratories, BRL). H7-SHDAg cells were seeded onto a 100-mm-diameter petri dish at a density of about 5-GCCCGAGCCTGAGCCAAGCGGCCGCCGAGGAG ACGCGGGGGG-3 (nt 35-1673); primer NP1-1, 5-CCC-60% confluency. Twenty microliters of lipofectin (1 mg/ ml) and 10 mg of in vitro transcribed RNA were each CCCGCGTCTCCTCGGCGGCCGCTTGGCTCAGGCT-CGGGC-3 (nt 1673-35); and primer 41, 5-AGGCTGGGdiluted with 1.5 ml of Opti-MEM and allowed to stand at room temperature for 30 min. These two solutions were ACCACCATGC-3 (nt 705-691). The sequences of primers NP1 and NP1-1 at nt 11-18 were mutated to a NotI then combined, incubated for 30 min at room temperature, and applied to cells that had been washed twice site (underlined). The resulting PCR product was digested with ScaI (nt 1625) and BstBI (nt 530) to generate with prewarmed phosphate-buffered saline (PBS). The transfected cells were incubated at 37Њ for 4 h and then a 584-bp DNA fragment which was used to replace the changed to fresh DMEM culture medium containing 10% RESULTS fetal calf serum. The total cellular RNA was isolated 16
Most of the mutant RNAs were competent for RNA h posttransfection. The RNA transcripts used for transfecself-processing and were equivalently stable in tion were prepared by an in vitro transcription kit actransfected cells cording to the instructions of the supplier (MEGAscript T7 kit; Ambion).
After the transfection of plasmid pCDm2G or the p2Gm series HDV mutant cDNAs into cells, these cDNAs were able to produce primary transcripts from the CMV IE RNA isolation and Northern blot analysis promoter. The primary transcripts which still possessed the self-processing capability would generate the fullIsolation of total RNA from transfected cells and Northlength monomeric HDV RNAs, as shown previously ern blotting to detect HDV RNA were done as described (Wang et al., 1994; Jeng et al., 1996; Yeh et al., 1996) . To previously (Wang et al., 1994) . For poly(A)
/ RNA selecstudy whether this processing step was maintained in tion, 250 mg of total cellular RNA was further mixed with these mutants, we transfected plasmid pCDm2G or the 15 ml of oligo(dT)-cellulose resin and was purified folp2Gm series HDV mutant cDNAs into the Huh-7 cell line. lowing the procedures described by the manufacturer On the third, sixth, and ninth days of transfection, we (Oligotex mRNA Mini Kit, Qiagen). The relative intensity extracted total cellular RNA from transfected Huh-7 cells of each hybridization signal in a same blot was deterand employed Northern blot analysis to examine for 1.7-mined by a phosphorimager (BAS 1000, Fujix).
kb monomeric genomic HDV RNA. As shown in Fig. 2 , the predominant genomic strand RNase protection assay
RNAs of most mutants in the transfected cells were the 1.7-kb, monomeric RNA species (indicated by arrows). The RNase protection assay (Ambion; RPA II kit) was This suggested that most mutant HDV RNAs could still used to detect the HDV mRNA and determine its 5-self-process. However, the genomic RNA could not be end(s). Plasmid pRPAP, which was a derivative of detected in the cells transfected with mutant p2Gm-NG1 p2AGm-AccIII, retains only the top region (nt 1490 to nt (lane 8). This might be due to the destruction of the 782) of the RNA rod and was used to prepare the RNA ribozyme domain of the HDV genomic RNA in the p2Gm-probe. After linearized with NheI (nt 431), pRPAP was NG1 mutant (Perrota and Been, 1990) (Fig. 1) . The primary transcribed with a T7 RNA polymerase in the presence transcripts were unable to self-cleave and self-ligate and of [a-32 P]CTP to generate a 645-nt, genomic-sense RNA thus failed to produce the monomeric HDV RNA and probe for the detection of the HDAg mRNAs. The in vitro resulted in a rapid degradation of such unpolyadenylated transcription reaction was performed followed the procetranscripts. dures described by the manufacturer (Ambion; MAXWe also detect the production of HDV antigenomic Iscript T7/Sp6 in vitro transcription kit).
RNA in each of the p2Gm series mutant cDNAs in the In the RNase protection assay, a total amount of 5 1 Huh-7 cells. No hybridization signal corresponding to this 10 5 cpm of 32 P-labeled RNA probes was mixed with 70 RNA species could be detected (data not shown). This mg of total cellular RNA. After alcohol precipitation, the indicated that these clones were rigged to express the dried RNA-probe mixtures were redissolved in 20 ml of genomic polarity mutant RNA. Therefore, the HDV replihybridization buffer (80% deionized formamide/100 mM cation observed below was HDAg dependent, as shown sodium citrate, pH 6.4/300 mM sodium acetate, pH 6.4/ previously (Wang et al., 1994; Yeh et al., 1996) . 1 mM EDTA), incubated at 90Њ for 3-4 min, and then Interestingly, in three mutants, the p2Gm-BstXI, -XbaI, incubated at 45Њ overnight to allow a complete hybridizaand -BstBI constructs (lanes 6, 7, and 9), the dimeric form tion. The mixtures were then digested with 2 ml of RNase of HDV RNA was more prominent (arrowheads, Figs. 2B A/T1 (250 units/ml of RNase A and 10,000 units/ml of and 2C) than that of monomeric RNA. The results sugRNase T1) in 200 ml of RNase digestion buffer at 37Њ for gested that these three dimeric RNAs retained an im-30 min. After the addition of 300 ml of inactivation/ppt paired self-processing capability to form monomeric solution and 100 ml of alcohol, the precipitated, dried RNA. Since the linker-insertion sites of all these mutants RNA pellets were dissolved in 8 ml of loading buffer (95% were around the genomic ribozyme domain (Fig. 1) , it formamide/0.025% xylene cyanol/0.025% bromophenol therefore indicated that the sequences flanking the 85-blue/0.5 mM EDTA/0.025% SDS). The samples were dent genomic core ribozyme domain (Perrota and Been, natured at 90Њ for 3-4 min prior to being subjected to a 1990) were also relevant to the self-processing activity 6% polyacrylamide-7 M urea gel electrophoresis in 11 in vivo. TBE (101 TBE is 0.9 M Tris, 0.9 M borate, 0.02 M EDTA, On the other hand, the relative abundance of all mutant pH 8.3; purchased from BDH). The sizes of protected 1.7-kb RNAs (except the NG1 mutant) and wild-type HDV RNA fragments were compared with DNA sequencing RNA was similar after 3, 6, and 9 days of transfection (Fig. 2) . The introduced linkers thus did not drastically ladders in adjacent tracks.
for HDV replication (Wang et al., 1994; Yeh et al., 1996) . The level of antigenomic RNA was also a measure of the relative efficiency of the mutant HDV RNA in replication.
In Fig. 3 , little or no antigenomic RNA signal could be detected in cells at day 3 or 6 posttransfection with mutants p2Gm-ScaI, -StuI, -BstXI, -XbaI, -NG1, -BstBI, and -NheI (lanes 1, 4, and 6-10). Thus, even in the presence of small HDAg, mutant RNA with linker inserted at each of these sites was incompetent for antigenomic RNA accumulation. In contrast, linker inserted at AccIII, EcoRI, SalI, BglII, or NP1 site only slightly affected the RNA replication (Fig. 3, lanes 2, 3, 5, 11, and 12) . The results suggested that multiple positions were important for the replication of genomic RNA into antigenomic RNA. We repeated the experiments several times and measured the levels of antigenomic HDV RNA by phosphorimager analysis. The relative levels of antigenomic RNA from all mutants compared to that from the wild-type construct are summarized in Fig. 8A .
In addition to the monomeric HDV antigenomic RNA, two larger antigenomic RNA species with sizes of 4.8 and 4.3 kb, respectively, could also be detected (denoted by the stars in Fig. 3 ). These two bands represented transcription products from the endogenous proviral genome. Since the H7-SHDAg cell line was prepared from a bicistronic retroviral vector which contained the HDAg ORF in the first cistron, the cells could produce two species of retroviral transcripts [one unspliced and the other antigenomic RNA replication from pSVLD 3 -transfected Huh-7 cells and were used as positive controls. Positions of the dimeric genomic RNA and the monomeric HDV We also examined the regions required for the replicagenome (1.7 kb) are marked by arrowheads and arrows, respectively. tion of antigenomic to genomic HDV RNA by the same approach. Either plasmid pCDm2AG or each of the 12 p2AGm series mutant constructs was transfected into affect the stability of these mutant RNAs, and the varying H7-SHDAg cells. Since these vectors were designed to levels of mutant HDV RNAs described in the following produce only antigenomic strand HDV RNA, the accumuexperiments were therefore not simply due to the differlation of genomic RNA in transfected cells would indicate ent RNA stability or accumulation.
successful replication (Kuo et al., 1989; Wang et al., 1994) . As noted in Fig. 4A , in addition to the 1.7-kb monoMultiple sites on HDV genomic RNA were essential meric antigenomic RNA, two other species of antigenofor replication mic HDV RNA (marked by asterisks) were also observed in this Northern blot. They were the poly(A) / RNAs which Next, we examined whether the mutant RNAs could replicate in the presence of small HDAg. After the transwere terminated at the two polyadenylation sites on the HDV cDNA tandem dimer (Hsieh et al., 1990) , about 1.5 fection of individual p2Gm series mutants into H7-SHDAg cells, total cellular RNA was collected at day 3 or 6 and or 3.2 kb in length. The genomic RNA, the replication product from the was examined for the presence of genomic (data not shown) and antigenomic RNA by Northern blot hybridizaantigenomic RNA, could be observed in cells transfected with the pCDm2AG construct, as expected (Fig. 4B , lane tion (Fig. 3) . Since the p2Gm series vectors were designed to generate only genomic RNA, the accumulation 13). Monomeric, genomic HDV RNA could also be clearly detected in the cells transfected with p2AGm-AccIII and of the antigenomic RNA could be used as an indicator p2AGm-NP1 (Fig. 4B, lanes 2 and 12) . In contrast, genocells was shown to be the mRNA for the translation of mic RNA was undetectable or only in little amount in HDAgs (Hsieh et al., 1990) . This RNA was antigenomic cells transfected with other 10 p2AGm series constructs sense and was about 500 times less abundant than full- (Fig. 4B, lane 1 and lanes 3-11) . These results indicated length genomic RNA (Chen et al., 1986; , that most of the regions in HDV antigenome were im-1990). To assess the level of this mRNA produced in portant for the replication. Again, this experiment was cDNA-transfected cells, we exposed the same Northern repeated three times and the relative levels of RNA repliblot shown in Fig. 3B for 5 days (the exposure time in cation from mutants compared to the wild-type RNA are Fig. 3B was 20 h) to detect this scarce mRNA. To improve summarized in Fig. 8A . the detection sensitivity, we further purified the poly(A) / It was noteworthy that the replication of viral genomic RNAs and then subjected them into Northern blot analyor antigenomic RNA was affected differentially in some sis (Fig. 5B ). mutants. Certain insertions (such as those inserted at As shown in Fig. 5A , the hybridization signals correthe EcoRI, SalI, or BglII site) selectively inhibited genomic sponding to HDAg mRNA could be observed with some RNA synthesis but did not significantly affect the producmutants (the 0.8-kb species in lanes 2-7, 9, and 13). By tion of antigenomic RNA. This observation allowed us to using the Northern blot analysis of the poly(A) / RNA, we interpret that the cis-elements important for these two confirmed that the HDAg mRNA was present in cells events might be different (lanes 3, 5, and 11 in Fig. 4B transfected with these mutants (Fig. 5B , right, lanes 1-vs those in Fig. 3) .
5; left, lane 1). In contrast, all the other mutant RNAs could hardly produce this mRNA (Fig. 5A , lanes 1 and 10-A continuous region on HDV cDNA was found to be 12). We further confirmed this phenomenon by Northern important for mRNA production analysis of the poly(A) / RNA (Fig. 5B, left, lanes 2-5) . The endogenous retroviral transcripts (denoted by stars As described previously, a 0.8-kb polyadenylated HDV RNA species present in the cytoplasm of HDV-infected in Fig. 5B ), as mentioned in Fig. 3B , indicated a similar 1-12) . Plasmid pCDm2AG was also transfected into H7-SHDAg cells to serve as a wild-type control (lane 13). The cellular antigenomic (A, autoradiography after exposure for 4 h) and genomic (B, autoradiography after exposure for 3 days) HDV RNAs were assayed by Northern blot analysis. The primary RNA transcripts stopped at the polyadenylation signals on HDV dimeric cDNA are denoted by asterisks. Lanes M, C, and (0) are the same as described in the legend to Fig. 3. amount of RNA located in each lane. Interestingly, all the whether the observed effects were due to a disruption sites affecting the production of 0.8-kb mRNA were found of the cis-elements on HDV cDNA or on HDV genomic to be located in a continuous region (nt 1625 to nt 431), RNA. To solve the problem, we performed the RNA transright upstream of the HDAg mRNA initiation site (Fig. 1) . fection experiments and repeated the analyses deThese data, therefore, suggested that the linker inserscribed above. The in vitro synthesized genomic RNAs tions of these four mutants (with linker inserted at the from pCDm2G or from p2Gm series constructs were ScaI, NP1, BglII, or NheI site) disrupted a crucial element transfected into H7-SHDAg cells by cationic liposomes for mRNA synthesis.
(lipofectin), and the total cellular RNA was extracted 16 Furthermore, we also noticed that the synthesis of fullh posttransfection. The antigenomic full-length HDV RNA length HDV antigenomic RNA was independent of that or mRNA was examined by Northern blot hybridization, of HDAg mRNA in some mutants. RNAs from the mutants and the level of antigenomic RNA or HDAg mRNA was p2Gm-BglII and p2Gm-NP1 could actively replicate in the used as a measure of the relative efficiency of input RNAs H7-SHDAg cells (Fig. 5A, lanes 11 and 12) , although they to act as a template for replication or for transcription, could not transcribe the 0.8-kb mRNA (Fig. 5B, lanes 2 respectively. and 3 on the left). The results thus raised the possibility At first, the replication of genomic RNA into antigenothat the cis-elements required for mRNA transcription mic RNA was examined. It was found that the results and antigenomic RNA replication were not completely were similar to those from the cDNA transfection experiidentical.
ments: multiple regions were required for HDV RNA replication. In addition to the RNA from pCDm2G control ( 6A, lane 13), RNA templates from plasmids p2Gm-AccIII, the data described above -SalI, -XbaI, -BglII, and -NP1 were also found to keep a detectable level of replication (Fig. 6A, lanes 2, 5, 8, 11 , The aforementioned studies were based on cDNA transfection experiments. It was, therefore, not known and 12; abbreviated as AccIII RNA, SalI RNA, XbaI RNA, BglII RNA, NP1 RNA, etc., in latter description). In concDNA transfection experiments, suggesting that the top of the HDV RNA rod was important for the production of trast, the replication of other mutant RNAs was virtually undetectable (Fig. 6A, lanes 1, 3, 4 , 6, 7, 9, and 10). the 0.8-kb mRNA. A control study showed that the amount of the endogenous retroviral transcripts was similar in The relative replication efficiencies of individual mutants relative to wild-type RNA are summarized in Fig. 8A . every lane (bottom gels in Fig. 6B ). The RNA transfection experiments also showed that These results were compatible with those obtained from cDNA transfection system, except those of XbaI and elements required for HDV RNA replication and mRNA transcription might not be completely identical. Certain EcoRI mutants (Fig. 6A, lanes 3 and 8 vs Fig. 3B, lanes  3 and 7; Fig. 8A ). The amount of RNA loaded in every mutant HDV RNAs could replicate whether or not the HDAg mRNA had been transcribed. For example, the lane was again standardized by the presence of cellular retroviral transcripts (denoted by the star in Fig. 6A ).
NP1 RNA retained active viral RNA replication in H7-SHDAg cells even though it did not transcribe mRNA Second, the synthesis of the 0.8-kb HDAg mRNA from these mutant RNAs was also examined. Results in Fig. ( Fig. 6A, lane 12 vs Fig. 6B , lanes 6 in the top gel on the right). 6B showed that the 0.8-kb mRNA could be clearly seen in cells transfected with wild-type HDV RNA (lanes 2G) and in cells transfected with mutants SalI, BstXI, BstBI Detection of HDV mRNA and determination of its 5-RNA (lanes 1-3 in top gel on the left), AccIII, EcoRI, StuI, end by RNase protection assay or XbaI RNA (lanes 2-5 in top gel on the right). However, the 0.8-kb mRNA species could barely be detected in
To not only confirm the absence of HDV mRNA but also define the transcriptional initiation point(s) of produced cells transfected with mutants NheI, BglII RNA (lanes 4 and 5 in the top gel on the left, Fig. 6B) , NP1, or ScaI mRNA, an RNase protection assay was applied. Seventy micrograms of total cellular RNA which was collected at RNA (lanes 6 and 7 in the top gel of right panel, Fig. 6B ). These results were therefore consistent with those of 16 h posttransfection in the RNA transfection experi- / RNA (B, purified from 450 mg of total cellular RNA per lane) was isolated from these cells 16 h posttransfection and was used for Northern blot analysis with a probe detecting the antigenomic-strand HDV RNA. Following detection, the hybridized membrane was exposed to X-ray film for 2 days (A and top in B). C, HDV RNA used as positive control. The positions of 1.7-and 0.8-kb HDV RNA species are indicated on the right. The bottom panels of B represent the endogenous retroviral transcripts in H7-SHDAg cells; the exposure time for these panels was 3 h. ments was used in this study. The strategy used for this mRNA, these mutations did not disrupt the important ciselements which determined the transcription initiation assay is summarized in Fig. 7A . The plasmid pRPAP was used to be a template to synthesize a 645-bp, 32 P-labeled point. In addition to these two bands, other minor bands were also observed. These bands may correspond to probe by an in vitro transcription reaction. The mRNA initiated from the previously reported initiation site, nt the experimental background (for example, the partially digested products of the endogenous retroviral tran-1631, would generate a 142-bp protected fragment. Processed RNA from the endogenous retroviral transcripts, scripts) or corresponded to other transcriptional initiation sites of HDV antigenomic RNAs. Thus, from this study which contained HDV sequences from BglII (nt 225) to SalI (nt 963), would cause a fragment which was 414 bp and data obtained in Northern blot analysis, we concluded that the cis-active region crucial for mRNA tranin length and was used as an internal standard.
As shown in Fig. 7B , we obtained two major bands in scription was confined to a single contiguous region corresponding to the top of the rod structure (from ScaI to the RNA collected from cells transfected with wild-type 2G RNA (Fig. 7B, lane 1) . The larger fragment was about NheI site). 400 bases in length, corresponding to the 5-end of retroviral transcripts (denoted by an arrowhead). By compar-DISCUSSION ison with an adjacent dideoxy-sequencing ladder, the 5-end of the smaller fragment (denoted by an arrow) would
To explore the important cis-elements in HDV genome, we used a linker-insertion mutagenesis strategy to scan correspond to a general region very close to nucleotide 1631, a position previously mapped to be the major 5 the viral genome. The replication of both HDV genomic and antigenomic RNA was greatly reduced in most of terminus of HDAg mRNA in HDV-infected cells (Hsieh et al., 1990) . It was noted that this smaller fragment was the linker-insertion mutants. RT-PCR analysis revealed that the inserted NotI linkers remained intact in all of the not found in cells transfected with ScaI, NheI, BglII, or NP1 RNA (Fig. 7B, lanes 3 to 6) , but was present in cells progeny mutant RNAs (data not shown). In the cases of viroids, the viroid RNAs were also sensitive to experimentransfected with pSVLD 3 (data not shown) or five other mutant RNAs (Fig. 7B, lanes 2 and 7-10 ). Since the introtally introduced mutations as the substitution, deletion, or insertion of a few nucleotides usually abolished their duced mutations did not change the start site of HDV metastable structures, during thermal denaturation and/ or replication, and the formation of one of these metastable structures was crucial for infectivity (Qu et al., 1993; Loss et al., 1991; Owens et al., 1991) . Similar metastable structural features might also exist in HDV RNA and play roles in the HDV life cycle.
According to our data, no simple conclusions that dictate a specific replication function to individual region could be made. However, our data revealed that the regions with cis-elements required for the replication of viral genomic or antigenomic RNA were not completely identical, since these two events were affected differentially in some mutants. In certain mutants, replication of the HDV antigenomic RNA was selectively abolished, but that of the genomic RNA was not (Fig. 8) . Therefore, this is the first report to show that some mutations can affect the HDV replication in one direction but not in the other. In a previous study, the antigenomic RNA was suggested to be a more effective template for HDV RNA synthesis than genomic RNA in natural infection, since the copy number of genomic RNA was typically 10 times higher than that of antigenomic RNA in HDV-infected cells (Chen et al., 1986) . According to this observation, it was possible that the cis or trans requirements for each of these two templates were different. In the studies of viroid (potato spindle tuber viroid; PSTVd), some mutations also selectively affected the infectivity of (0) strand RNA but had no effect on the (/) strand (Qu et al., 1993) . A metastable structure, the hairpin II (HPII), was also shown to (Qu et al., 1993; Loss et al., 1991) , of HDV RNAs and viroids, it was possible that some (B) Results of the RNase protection assay. The protected RNA fragstructural elements preferentially act either in the genoments were resolved on a 6% polyacrylamide denaturing gel. After mic or in the antigenomic HDV RNA.
electrophoresis, the dried gel was exposed to X-ray film for 2 days.
Some linker-scanning mutations resulted in a defective GATC indicated a dideoxy-sequencing ladder. The position of the protected HDAg mRNA is indicated by an arrow and that of the protected mRNA synthesis. All of these were clustered near the retroviral transcripts is denoted by an arrowhead.
initiation site of HDAg mRNA (nt 1625 to nt 431, Fig. 8B ), a region in which the promoter element of HDV genomic RNA was proposed to reside ( Fig. 1) (Beard et al., 1996) . infectivity (Owens et al., 1991; Tsagris et al., 1991) . In our experiments, multiple cis-elements were essential These data therefore suggested that this region was crucial for mRNA synthesis in vivo. In comparison with the for viral RNA replication, some of which probably affected the functions for initiating HDV replication, whereas othin vitro identified HDV RNA promoter (nt 1540 to nt 60), the experimental results obtained from the BglII and NheI ers might be required for HDV ribozyme activities (NG1 and BstXI mutants), for dimeric RNA processing (BstXI, mutants further suggested that viral sequences flanking this minimal RNA promoter were also important in vivo. XbaI, and BstBI mutants), for the maintenance of specific local conformation (Lazinski and Taylor, 1995b) , or for This phenomenon might be similar to that of conventional DNA promoters and some viral RNA promoters, where the interaction with some host factors participating in HDV replication (Lazinski and Taylor, 1995b; Robertson upstream or downstream sequences were also important for the regulation of the promoter activities (Balmori et et al., 1996) . It is unclear whether these sequences dispersed in the viral genome were actually closely related al., 1993; French and Ahlquist, 1988; Thummel, 1989) . We also noticed that the presence of HDV antigenome in the tertiary structure of active RNA. Sequences from different regions of the native rod-like structure of viroids was sometimes independent of the synthesis of 0.8-kb mRNA-that is, the replication could occur even though have been shown to associate together to form other the synthesis of HDV mRNA was abolished. These recircular structural feature, the replication of viroids has been suggested to initiate without a specific origin (Diesults suggested that the capability for initiating HDV RNA genome replication was not necessarily identical with ner, 1989), and a similar situation might also exist in the replication of HDV RNA. Consistent with this hypothesis, that for HDV mRNA synthesis. In a previous study, a double-acting promoter responsible for both mRNA tranmultiple bands which might correspond to other replication initiation sites, in addition to the true transcriptional scription and HDV RNA replication has been proposed (Hsieh and Taylor, 1991) . According to this hypothesis, initiation site of mRNA, were also identified in the RNase protection assay (Fig. 7B) . the antigenomic RNA and the mRNA were transcribed from the same initiation site, but terminated differently Finally, we noticed some different results between the cDNA and RNA transfection systems. The replica- (Hsieh and Taylor, 1991) . In contrast to this proposal, the current study found that the disruption of a single tion of the XbaI RNA was maintained at a high (or moderate) level in the RNA transfection experiments contiguous region resulted in a decrease of antigenomic RNA replication but abolished mRNA production. Furtherbut was barely detectable in the cDNA transfection system (Fig. 8A) . RT-PCR analysis of intracellular RNA more, in the transgenic mouse system, in which the HDV RNA could constitutively replicate and antigenomicrevealed that the inserted linker was intact in the cDNA transfection analyses. However, in the RNA sense RNA could accumulate, no 0.8-kb mRNA was detected (Polo et al., 1995) . These indicated that the antitransfection experiments, this inserted linker was removed or modified after transfection (data not shown). genomic strand RNA could initiate from other alternative or cryptic transcription origin(s) different from that of the In the cases of viroids, nucleotide substitutions, insertions, or deletions at many positions of viroid RNAs 0.8-kb mRNA. It is likely that the transcription of antigenomic RNA can be initiated in two ways: the major one by usually resulted in a viroid progeny that had either reverted to the sequence of the wild-type strand or initiation from the double-acting promoter, but minor ones from other less specific promoter(s). Regarding the acquired complementary mutations to become a
